ABSTRACT: This longitudinal, prospective study sought to establish whether pediatric Crohn's disease (CD) and ulcerative colitis (UC) are associated with increased levels of cytogenetic damage and whether folate supplementation in combination with other treatments mitigates cytogenetic damage in children with inflammatory bowel disease (IBD). After a 1-mo treatment and folate supplementation, all clinical tests in CD (n ϭ 24) and UC (n ϭ 17) patients improved. Patients with CD were comparable in the cytogenetic response with controls (n ϭ 28) assessed by micronucleus (MN) assay, but both groups differed from the UC group. While the MN frequency in epithelial cells slightly decreased from first to second observations in CD patients (p ϭ 0.05) and controls (p ϭ 0.11), an increase was observed in UC patients (p ϭ 0.001). Similar changes were observed in blood lymphocytes resulting in significantly higher levels of the MNs and chromosome bridges in UC patients. These preliminary findings of a difference in chromosome damage between pediatric UC patients compared with CD patients and healthy controls warrant confirmation and expansion to determine (1) the role of cytogenetic damage in the pathogenesis of these diseases, (2) relative contribution of treatment and folate supplementation, and (3) potential links to the eventual development of cancer in some patients. 
I
BD is characterized by chronic inflammation and ulceration of the gastrointestinal (GI) tract. The two primary forms of IBD, CD and UC, differ by disease mechanism, location, and character of the lesions in the GI tract and by endoscopic, radiographic, and histologic findings. UC predominantly involves the colon, whereas CD can affect any portion of the GI tract including the oral cavity (1) . Despite these differences, patients with CD or UC manifest several similarities including inflammatory infiltrates in the GI tract, folate deficiency, and increased risk of cancer (1, 2) .
The risk of colorectal cancer in patients with IBD is increased four-to 20-fold compared with the general population, and some malignancies can develop in apparently uninvolved sites (3, 4) . Patients with UC and CD have been reported to develop leukemia, suggesting a potential relationship between IBD and leukemia (5) . While the pathologic mechanism of IBD remains elusive, one typical characteristic of patients with IBD is folate deficiency (4, 6) . Reduced red blood cell folate levels have been noted in patients with UC and colorectal cancer compared with a control group who did not have colorectal cancer (7) . Moreover, one of the primary therapies for IBD is sulfasalazine (SASP), which also increases the risk of folate deficiency (8) .
Folate supplementation is recommended for IBD patients taking SASP to compensate for potential folate deficiency, but adequate and consistent treatments have not been established. Hanauer et al. (9) has reported that folate levels can be normalized in about 80% of adult patients supplemented with folic acid. IBD frequently affects children (10 -12) . However, data pertaining to the effects of supplementation of pediatric patients are lacking. Additionally, data on the molecular or cytogenetic effects of IBD, folate deficiency, and treatment combined with folate supplementation in any IBD patients are sparse. One available report notes increased cytogenetic damage measured by chromosome aberrations in lymphocytes of adults with CD compared with controls (13) . A possible explanation is that oxidative damage ensues, caused by altered characteristics of inflamed mucosa and generation of oxygenderived free radicals by phagocytic cells (14) . The impact of folate deficiency, which could potentially increase both oxidative damage and uracil misincorporation, was not investigated. In a group of folate-deficient volunteers, misincorporation of uracil into DNA, and an increased frequency of micronucleated erythrocytes, presumably resulting from chromosome breaks, were observed (15) .
The intestinal inflammatory response characteristic of IBD produces a cascade of events during which activated leukocytes infiltrate the intestinal wall and phagocytic cells are inappropriately activated. This triggers formation of reactive oxygen species (ROS), highly reactive byproducts of normal aerobic cellular function that can induce damage to macromolecules (14, 16) . Environmental stressors and disease status can exacerbate free radical formation. The mucosa of IBD patients is relatively depleted of antioxidant defenses, rendering them more susceptible to oxidative injury. A growing body of literature suggests that blocking these ROS should therefore alleviate inflammatory responses in the intestinal tracts (17) . Recent studies have found that CD patients (18) and UC patients (19) who received supplemental antioxidants showed greatly reduced indices of oxidative stress.
Oxidative stress is potentially responsible for DNA damage, which can be measured by MN assay. MNs are formed by fragments of chromosomes or whole chromosomes lost from the main nucleus at the time of mitosis. MNs are widely used as biomarkers of cytogenetic damage for occupational and environmental exposures and diseases (20, 21) , and recent studies have shown that MN frequency predicts an increased risk of cancer (22) . In addition, MNs can be analyzed in a variety of human cells including blood lymphocytes and buccal and urothelial epithelia (20, 23) . Previously, few studies, all in adults, have explored cytogenetic damage associated with IBD.
This study investigates the hypotheses that cytogenetic damage measured by MN assay is elevated in pediatric CD and UC patients compared with controls and that this damage can be mitigated by 1 mo of treatment combined with folate supplementation.
MATERIALS AND METHODS
Study design. This prospective, longitudinal study was conducted in clinics at the University of California, San Francisco (UCSF) Children's Hospital and the Children's Hospital & Research Center Oakland (CHRCO). IBD and control groups took an oral folic acid supplementation over a 1-mo period. Cytogenetic analyses of MNs, nucleoplasmic bridges (NBs), and markers of cell death and proliferation were performed at the University of California, Berkeley (UCB).
Patients. A total of 69 subjects, whose ages ranged between 4 and 18 y old, were enrolled in this study. Inclusion criteria required that control subjects could not have preexisting acute or chronic illnesses and that all subjects were not taking daily folate/vitamin B 12 multivitamin supplements at the time of enrollment. Recruited IBD patients were newly diagnosed with IBD as determined by endoscopic, radiographic, or histopathologic assays. The final patient population included 41 IBD patients (24 CD and 17 UC) and 28 controls, which were frequency matched for age, gender, and ethnicity. A summary of enrollment statistics is given in Table 1 .
Whites (self-identified) composed more than 50% of the patient population for both CD and UC groups, followed by African Americans and Asians. Despite the large age range (4 -18 y old), average ages were similar in the control and IBD groups (12.3 Ϯ 3.5 versus 11.8 Ϯ 3.9 y, respectively). Overall, male IBD patients outnumbered female patients (21 and 15, respectively) with 66% of males among CD patients, 46% among UC patients, and 54% in the control group.
Each patient took a 1-mg folic acid tablet daily for a 30-d supplementation period. Concurrently, IBD patients received standard treatment (Asacol/ Azulfidine, 6MP, and/or corticosteroids). Controls were given oral folate tablets (1 mg). Patients of legal age or their parents/legal guardians provided written informed consent as approved by the Institutional Review Board of Children's Hospital Oakland, the Committee on Human Research of UCSF, and the Committee for the Protection of Human Subjects, UCB.
Cell collection, processing, and culture. Blood was collected in heparin vacutainers after an 8-h fasting period. Initial baseline measurements (collection 1) for buccal and urothelial exfoliated cells and blood were collected at the hospital of diagnosis (UCSF or CHRCO) from newly diagnosed patients and their matching controls. Collection 2 took place after 1 mo of folate supplementation (all subjects) and treatment (IBD patients).
Blood sample diagnostics. To determine disease activity before and after 1 mo of treatment and folic acid supplementation, UCSF or CHRCO clinical laboratories assessed complete blood counts for erythrocyte sedimentation rate (ESR), albumin concentration, and hematocrit, part of the Pediatric Crohn's Disease Activity Index that is used as a measure of disease severity (11) . Folate levels were measured in red blood cells , and vitamin B 12 and homocysteine levels in plasma using standard laboratory assays (24) .
Cytogenetic analysis. Methods of cell collection, processing, and scoring criteria for exfoliated cells and peripheral lymphocytes have been described previously (24) . Briefly, Ficoll-isolated lymphocytes were cultured for 72 h. Cytochalasin (Sigma Chemical Co., St. Louis, MO) was added to the cultures 44 h post-initiation to arrest cytokinesis. Cells were spun directly on the slides, fixed in methanol, and stained with Giemsa. At least two slides were scored for an average of 1000 binucleated lymphocytes (BNs) for each patient. Frequencies of MNs and NBs were used to assess cytogenetic damage. Percentage of apoptotic and necrotic cells was used as markers of cell death. Replicative index (RI) was calculated to measure cell proliferation in lymphocyte cultures as follows:
Exfoliated cells were obtained by either gently swabbing oral mucosa on inner side of both cheeks with a cytobrush or spinning down urine to collect urothelial cells. In both cases, two washes with a buffer solution were performed followed by fixation in methanol and staining in Feulgen Fast- Green. On average, 2000 cells were scored per subject, and MN frequencies were assessed separately in normal and degenerated epithelial cells as previously described in detail (25) .
All scoring of randomly mixed and coded slides was conducted using the Nikon microscope under 1000ϫ magnification. MN criteria for lymphocytes and epithelial cells were previously described (25, 26) . At least 10% of slides were rescored for quality assurance, and variance did not exceed 25%, which is consistent with criteria of HUMN (The International Collaborative Project on Micronucleus Frequency in Human Populations) (26) .
Statistical analysis. All associations were examined using a generalized estimating equation (GEE) approach to account for the potential correlation of outcomes measured more than once on the same subject (27) . For the noncount outcomes (RI and percentage of degenerated cells) GEE linear regression was used, whereas GEE Poisson regression was used for all other outcomes. This approach eliminated a significant part of the variability by excluding (1) interindividual variability and (2) intraindividual variability unrelated to treatment and folate supplementation and was more adequate for our longitudinal study design than traditional analysis of variance ANOVA. The GEE method is also advantageous in many instances because it does not depend on the type of data distribution. Age, gender, and ethnicity were also considered as possible covariates. Statistical significance was defined as p Ͻ 0.05.
RESULTS
Clinical results. Changes in average blood parameter values suggested an overall improvement in disease activity for IBD groups after the month-long folate supplementation period. Serum albumin significantly increased in the IBD groups after folate supplementation (UC: 3.6 Ϯ 0.6 to 4.0 Ϯ 0.4 g/dL, p ϭ 0.024; CD: 3.1 Ϯ 0.8 to 3.6 Ϯ 0.5 g/dL, p ϭ 0.006; Table  2 ). ESR decreased dramatically for both IBD categories, UC (23 Ϯ 19 to 9 Ϯ 9 mm/h, p ϭ 0.03) and CD (29 Ϯ 21 to 19 Ϯ 16 mm/h, p ϭ 0.005). Hematocrit decreased slightly only in the control patients, from 40 Ϯ 3% to 38 Ϯ 2% (p ϭ 0.006). Folate levels increased in all three groups after supplementation. However, this increase reached statistical significance only for the control group (600.8 ng/mL to 754.9 ng/mL; p ϭ 0.006). A corresponding decrease in homocysteine levels, from 8.2 to 6.4 mol/L (p Ͻ 0.05) was seen in the control group, while levels in IBD patients did not change. Finally, all subgroups of patients experienced a nonsignificant decline in serum vitamin B 12 levels (Table 2) .
Cytogenetic damage in peripheral lymphocytes. At baseline (collection 1), cytogenetic damage (as measured by the frequency of MNs/1000 BNs) was slightly lower in UC patients than in controls (p ϭ 0.07) and in CD patients (p ϭ 0.08, Fig. 1A ). However, after 1 mo of treatment and folate supplementation (collection 2), UC patients had significantly higher MN frequencies than controls (p ϭ 0.03) and CD patients (p ϭ 0.004, Fig. 1A) . Although MN frequency appeared to decline in CD patients after supplementation and treatment from 10.1 to 6.5 MNs/1000 cells, p ϭ 0.12, MN frequency remained similar at both collection times in controls (8.3 and 8.7 MNs/1000 cells, Table 3 ).
After treatment in combination with folate supplementation, we observed an overall trend of a lower frequency of the NBs, reflective of decreased chromosomal breakage (21) , across all groups (Fig. 1B) . Again, UC patients had significantly higher levels of damage during second collection than both controls (p ϭ 0.02) and CD patients (p ϭ 0.01). Overall, males in our study had significantly lower frequency of NBs than females (p ϭ 0.02). NB frequency increased with age (p ϭ 0. In both groups of patients, the prevalence of apoptotic cells, a marker of programmed cell death, decreased after supplementation and treatment (p ϭ 0.008 and p ϭ 0.002, respectively; Fig. 2A ). The control group had significantly fewer apoptotic cells than CD (p ϭ 0.03) and UC patients (p ϭ 0.002). As with the MN frequency, ethnicity was also associated with the frequency of apoptotic cells (p ϭ 0.001), with Whites having more apoptotic cells than with non-Whites. The frequency of necrotic cells, another marker for cell death in human lymphocytes, declined in controls, possibly reflecting the positive effect of folate supplementation (p ϭ 0.03). UC patients had significantly higher prevalence of necrotic cells than the control group subjects at the second collection (p ϭ 0.04, Fig. 2B ).
Lastly, cell proliferation in primary lymphocyte cultures, as measured by the RI, did not change following supplementa- and after (collection 2, solid columns) 1 mo of treatment and folate supplementation in IBD patients and folate supplementation in controls. Statistical analysis was conducted using GEE models and took advantage of longitudinal study design and by-pair comparisons of repeated samples from the same subjects. Statistically significant differences between groups and between collections are shown as follows: *p Ͻ 0.05; **p Ͻ 0.01, and †p Ͻ 0.001. Results are presented as mean Ϯ SD. Statistically significant differences between the frequencies of MNs and bridges in BNs from IBD patients before and after 1 mo of treatment and folate supplementation and subjects of control group are shown graphically and numerically in Figure 1 and for apoptotic and necrotic cells in Figure 2 .
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CYTOGENETIC DAMAGE IN PEDIATRIC IBD tion or treatment and was similar for all three groups (1.7 in controls, 1.8 for CD patients, and 1.8 for UC patients, Table 3 ).
Cytogenetic damage in exfoliated epithelial cells. The frequency of MNs in buccal cells of the CD patients and controls slightly decreased after supplementation and treatment (p ϭ 0.07 and p ϭ 0.11, respectively, Table 4 ). However, in UC patients, a significant 3-fold increase in the MN frequency was observed (p ϭ 0.001). Furthermore, the frequency of MNs in buccal cells at the collection 2 was significantly higher in patients with UC than in controls (p Ͻ 0.002) and CD patients (p Ͻ 0.001, Fig. 3 ). Similar changes in the MN frequencies were noted for degenerated cells in all three groups (Table 4) . Specifically, second collections were characterized by a decrease in observed MNs for CD patients and controls and an increase for UC patients. The difference was also noticeable in the frequency of the degenerated cells that was not altered by treatment and supplementation in either group and was significantly higher in UC patients (18% in CD patients and controls versus 26% in UC patients, p ϭ 0.03). No correlations were found between the frequency of MNs or the percentage of degenerated cells in exfoliated buccal cells and age, gender, or ethnicity.
MN assay was also conducted for urothelial cells (Table 5 ). However, data were less robust; many male subjects had relatively small numbers of cells available for scoring, resulting in zero MN frequencies in several categories. In controls, the MN frequency declined after folate supplementation (from 2.6 to 0.7 MNs/1000 cells, p ϭ 0.001).
Comparison of lymphocytes and exfoliated epithelial cells. MN levels were almost 10 times higher in BNs (6.6 -18.0 MNs/1000 cells) than in exfoliated buccal and urothelial cells (0.7-3.3 MNs/1000 cells). No correlations between individual levels of MNs were observed in the three cell types.
DISCUSSION
Results of this longitudinal case-control study of pediatric IBD suggest that the two primary types of pediatric IBD (UC and CD) each have distinctly different patterns of cytogenetic response after 1 mo of treatment that included folate supplementation. CD patients showed decreased frequencies of MNs and chromosome bridges in lymphocytes and MNs in exfoliated epithelial cells. However, patients with UC experienced a trend of increased MN frequencies in both lymphocytes and exfoliated buccal cells. Further, after treatment and folate supplementation, MN frequency was higher in patients with UC than in controls (p Ͻ 0.001) and patients with CD (p Ͻ 0.001), suggesting that the mechanism for cytogenetic damage may differ between pediatric UC and CD. These differences cannot be directly attributed to folate supplementation. However, folate supplementation appears to be beneficial to controls. Furthermore, the reduction of cytogenetic damage after folate supplementation in controls provides evidence of a protective effect against oxidative stress. Another possible mechanism of folate protection is prevention of MNs caused by excessive uracil incorporation or hypomethylation of DNA (28). All results are presented as mean Ϯ SD. p Values reflect significant differences in MN frequency between the baseline (collection 1) and after 1 mo of folate supplementation and treatment (collection 2), using GEE analysis, which accounts for the repeated measurements on the same subject. 
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MN frequency in BNs is a common measure used to assess the rate of DNA damage (21) . Recently, interest in evaluation of cytogenetic damage in epithelial cells has increased, especially since exfoliated cells, including those of oral mucosa, are a common origin of human cancers (23) . In our study, buccal cells were of special interest because increased cytogenetic damage in this target tissue suggests overall effects in the GI tract, particularly for CD patients. Baseline MN frequencies in both cells types of our subjects were similar to those reported in the literature: 5-25 MNs/1000 cells in BNs and 0.5-5 MNs/1000 cells in epithelial cells (21, 24) .
Typical frequencies of IBD range from 12 to 40 per 100,000 (3). IBD was once considered a rarity in pediatric patients, but now 25%-30% of all new patients with CD and 20% of all new patients with UC are younger than 20 y old (29) . The increase of IBD in pediatric patients and dearth of information on pathophysiologic mechanisms of pediatric IBD are the main reasons why this study focused primarily on children (10) . In addition to the normal symptoms, children with IBD may experience prominent extraintestinal manifestations, such as growth failure and delayed puberty (29) . Furthermore, the risk of colorectal cancer in patients with IBD is increased 4-to 20-fold when compared with the general population (3, 30) .
Folate deficiency may also influence IBD status as studies have reported an association between the two (4). Folate, which occurs naturally in food, and folic acid, found in supplements and fortified foods in synthetic form, are watersoluble forms of the B vitamins. A recent review pointed out that the general population often has suboptimal levels of folate (28) . Similarly, in the subset of our cohort, we found that folate levels in healthy control children were below average (600 ng/mL versus 755 ng/mL in IBD patients, Table  2 ). Furthermore, after 1 mo of supplementation, control group levels significantly increased to 754 ng/mL. While folate in IBD patients also increased, levels in collection 2 were not statistically different from those in collection 1. Several factors may contribute to the lack of statistical significance in IBD patients including inadequate dose of folate supplementation, effects of current treatments, or changes in diet. For example, one of the main treatments for IBD, SASP, also increases the risk of folate deficiency (8) .
Low levels of folate can also lead to increased cytogenetic damage (31) . However, folate supplementation can normalize this damage in human lymphocytes and exfoliated buccal cells (24) . A large population study in Australia showed that plasma folate and B 12 levels in young individuals were more important than vitamin C and E levels in minimizing chromosomal damage (28) . An increased MN frequency and chromosomal damage in adult lymphocytes and erythrocytes of splenectomized individuals has been associated with low folate levels (15, 24) . We observed similar results in our control groups, who also had relatively low folate levels. After supplementation, there was a statistically significant decrease in necrotic cells, a suggestive decrease in apoptotic cells and NBs in lymphocytes, and a slight decrease of MN in buccal cells. Similar trends were seen in CD patients but not UC patients.
Responses to supplementation and the levels of cytogenetic damage differed between UC and CD patients in both buccal cells and lymphocytes. Similar to the control group, CD patients showed a decrease in cytogenetic damage after 1 mo of treatment and folate supplementation. However, UC patients showed an opposite effect; they experienced a noticeable increase in cytogenetic damage in the same period. Thus, the mechanism for cytogenetic damage in UC may differ from that in CD. Further, this difference may reflect variations in the timetable for inflammatory changes in UC versus CD or possibly effects of specific medications used for this type of pediatric IBD. However, a relatively small sample size precluded further analysis of specific drug effects. Even as there was no correlation of cytogenetic damage in individual subjects, the responses in all patient groups were similar in three cell types. For instance, UC patients experienced increases in genotoxicity after treatment in both buccal cells and lymphocytes, while CD patients showed decreases. Cytogenetic damage in lymphocytes and urothelial cells more likely reflect an overall general response of the body, while buccal cells were expected to reveal damage in the target site, the GI tract.
Although we cannot attribute the modification of cytogenetic damage in blood lymphocytes and exfoliated epithelial cells in IBD patients solely to folate, the month-long supplementation appeared beneficial to controls and possibly to CD patients. In contrast, the UC group experienced increased levels of cytogenetic damage. However, our study design did not allow for differentiation between the effect of the standard IBD regimen, including folate supplementation, and the effect of treatment or folate supplementation alone. Additional larger studies will be needed to verify that these preliminary findings of the cytogenetic difference in treated IBD patients are con- All results are presented as mean SD. p values reflect significant differences between cytogenetic parameters at the baseline (collection 1) and after 1 mo of folate supplementation and treatment (collection 2 ), by the GEE method, taking into account by-pair comparisons for each participant. Several subjects did not have sufficient numbers of exfoliated urothelial cells and were excluded from this analysis. p values were not calculated if one of the two visits resulted in zero MN frequency.
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CYTOGENETIC DAMAGE IN PEDIATRIC IBD sistent in both adult and pediatric patients and to address dynamics of genotoxicity of different treatment and vitamin supplementation regimens. The effect of folate supplementation alone compared with anti-inflammatory therapies for the underlying IBD on cytogenetic injury should also be systematically investigated.
